Due to their unique physicochemical properties, carbon nanochips (CNCs) have been used for studies of the direct electrochemical and electrocatalytic properties of oxidoreductase. In this report, a glassy carbon electrode (GCE) was modified with CNCs, and glucose oxidase (GOx) was immobilized on the modified electrode surface. Chitosan (CS) was employed to fix the GOx/CNCs tightly to the surface of the GCE. Characterization of the modified electrode by SEM, TEM, and FT-IR showed that GOx remained in its native structure when immobilized in CNC film. The results of electrochemical impedance spectroscopy, cyclic voltammetry, and linear sweep voltammetry studies showed that direct electrochemical and bioelectrocatalytic activities of GOx were achieved and that the presence of CNCs enhanced the electrochemical response of GOx. Glucose had a linear current response from 0 to 1.9 mM, with a detection limit of 0.16 mM and an apparent Michaelis-Menten constant of 0.15 mM. The polarization curve of the biofuel cell revealed that the bioanode afforded an open circuit voltage of 0.59 V, maximum power density of 55 mW cm À2 , and maximum current density of 434 mA cm
Introduction
Direct electrochemistry between a redox protein or enzyme and the conductive electrode surface plays a key role in the development of third-generation biosensors and high performance biofuel cells. [1] [2] [3] [4] [5] [6] [7] Direct electrochemistry also provides a suitable model for understanding electron transfer mechanisms in biological systems and a more effective way for fabricating biosensors, bioreactors and biomedical devices than using mediators. 1 In this context, researchers seek to achieve a high rate of electron transfer between the active site of the protein or enzyme and the immobilized matrix.
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Most redox proteins show a slow rate of electron transfer on conventional electrode because the electroactive centers are deeply embedded within isolated protein shells. An unfavorable orientation of protein molecules on the electrode surface can block electron transfer between the electrode and protein electroactive centers. Moreover, the adsorption of protein molecules onto the bare electrode surface would lead to their denaturation, which also decreases the direct electron-transfer rate. Electrode passivation can happen due to the adsorption of the large three-dimensional structure of protein which makes the establishment of direct electron transfer (DET) between these macromolecules and conventional electrodes generally difficult. [8] [9] [10] Liang et al. 7 found that DET and enzyme catalysis can not occur on the same glucose oxidase (GOx) simultaneously. These issues remain major challenge for biosensor and BFC researchers.
Modication of the electrode surface with nanomaterials allows efficient DET between redox-active proteins and electrodes. Many immobilization attempts have been employed to improve electron transfer between the active center of the redox protein and the electrode. These attempts have incorporated various inorganic/organic matrixes (e.g., gold nanoparticles, [10] [11] [12] quantum dots, 3 carbon nanotubes, 13, 14 graphene, 15-17 carbon nanobers, 18 polyaniline, 19, 20 polypyrrole, 21 and their composites 6, [22] [23] [24] , and immobilization methods (e.g., physical adsorption, 25 covalent attachment, 26, 27 electrostatic interactions, 28 and lm entrapment 29 ). Carbon nanochips (CNCs) 30, 31 are a novel class of graphite nanobers. CNCs are created by calcination at high temperatures (2300-3000 C) with protection by an inert gas. These materials have enhanced performance as support media for biological catalysts. High-temperature processing improves catalytic properties and increases the average pore size of CNCs compared to conventional graphite nanobers. In addition, the conductivity of CNCs seems to be ideal for electrochemical transduction. These characteristics, combined with the ability to control the number and type of functional groups on the outer surface of CNCs, are expected to make CNCs suitable for the selective immobilization and stabilization of functional biomolecules. 31 However, the use of CNCs as substrates for the immobilization of biological catalysts has barely been reported, in contrast to reports about conventional carbon nanomaterials such as fullerenes, carbon nanotubes and graphene.
In this work, a glassy carbon electrode (GCE) was modied with CNCs and a lm of GOx, as the model catalyst, was cast on the modied electrode surface. Chitosan (CS) was used to x the CNCs and GOx tightly to the surface of the GCE surface. The paper demonstrates the use of CNCs in studies of the direct electrochemical and electrocatalytic properties of GOx and discusses the advantage of using CNCs as supports for GOx immobilization.
Materials and methods

Materials and chemicals
CNCs (HT3000, 99.99% carbon) and GOx (EC 1.1.3.4, from Aspergillus niger, 200 U mg
À1
) were purchased from SigmaAldrich. CS and glucose were purchased from Aladdin Ltd (Shanghai, China). Na 2 HPO 4 , NaH 2 PO 4 , HPO 4 , K 3 Fe(CN) 6 / K 4 Fe(CN) 6 , HNO 3 , H 2 SO 4 and NaOH were supplied by Sinopharm Chemical Reagent Co., Ltd. (China). All reagents were of analytical grade and used without further purication. Phosphate buffer solutions (PBS, 0.1 M, pH 7.2) were prepared with 0.1 M NaH 2 PO 4 and 0.1 M Na 2 HPO 4 . Different stock solution concentrations of glucose were prepared in 0.1 M PBS (pH 7.2) and mutarotated at least 24 h before use. All solutions were prepared with deionized water which was puried with a Millipore-Q purication system to a specic resistance over 18.0 MU.
Preparation of CS/GOx/CNCs/GCE
In preparing a GOx electrode, a GCE was sequentially polished using a slurry of 0.5 mm and 0.03 mm alumina power and successively washed by ultrasonication in deionized water, 1 M HNO 3 , deionized water and ethanol for 3 minutes, respectively. Then the electrode was activated electrochemically in 0.1 M H 2 SO 4 by cyclic voltammetry (CV) until the CV curve to invariant.
32 Thereaer, the electrode was washed and dried in argon, then 5 mL CNCs (5 mg mL À1 , prepared in deionized water) suspension was dropped on the surface of the cleaned GCE. The droplet on the GCE was carefully manipulated to just cover the entire electrode surface, and was dried in air, which resulted in a uniform lm. Fig. 1 .
Apparatus and measurements
Field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) were performed using JEOL (Tokyo, Japan) instruments (JSM-6701 for FESEM and JEM-2100 for TEM). Fourier transform infrared spectroscopy (FT-IR) spectra were obtained on a Spectrum 100 FT-IR spectrophotometer from Perkin Elmer. XRD studies were performed on a PANalytical X'pert Pro X-ray diffractometer. Raman was measured by a WITec CRM200 using 532 nm laser.
All electrochemical experiments were carried out by a CHI660C electrochemical workstation (CHI Instrument, Shanghai, China). The electrochemical measurements were carried out in a single-compartment, three-electrode glass cell. The working electrodes were the modied GCE (each 3 mm in diameter), the counter electrode was a Pt sheet with a surface area of 1 cm 2 , and the reference electrode was Ag/AgCl (3 M KCl). The electrochemical measurements were carried out in 0.1 M PBS (pH 7.2) as the supporting electrolyte which were purged with highpurity argon for at least 30 min prior to experiments and a argon environment was kept over the solution in the cell. All experiments were performed at room temperature.
For the test of the BFC, a glucose/O 2 BFC consisted of the CS/ GOx/CNCs/GCE anode and an Pt sheet cathode in a singlecompartment. The voltages and currents of the BFC were measured by tow multimeters with an external resistance varying 100 U to 100 kU. The BFC was operated at room temperature and fed with a fuel solution of 10 mM glucose stock solution (0.1 M PBS, pH 6) with saturated air. The current density and power density of the BFC were calculated from the data of the voltages and currents. a length of several micrometers ( Fig. 2A(a) ). High-resolution images ( Fig. 2A(b) ) obviously exhibits that the CNCs have straight, branched, twisted, helical and coiled structures. respectively. The intensity ratio of D-band to G-band (I D /I G ), which can be used to evaluate the degree of crystallization, 17 was calculated to be 0.334. This value suggested a high degree of graphitization. Chemical structure and composition of CNCs were further studied by XRD. The strong observed peak at 26.0 ( Fig. 2A(d) ) can be attributed to the (002) plane of the hexagonal graphite structure, indicating a high degree of crystallization.
Results and discussion
General characteristics
17
The high active surface area and good electrical conductivity make CNCs extremely attractive as sensing materials, 30 and the combination of CNCs and GOx would bring new opportunities for designing novel bioelectrocatalytic systems.
Next, the structural features of CNC-immobilized GOx were investigated. FT-IR spectroscopy is a common technology to investigate secondary-structures of polypeptide chains and conformational changes of proteins. was assigned to the combination of the N-H in-plane bending and the C-N stretching vibration of the peptide groups.
34
Denaturation of the enzyme molecule will result in extensive reduction or even disappearance of the amide I and II bands.
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As shown in Fig. 2B , spectra of the amide I and II bands of GOx in the GOx/CNCs lm at 1635, 1538 and 1448 cm À1 were nearly the same as the corresponding bands on GOx lm. This nding suggests that GOx retained the essential features of its native structure on the CNC surface. Electrochemical impedance spectroscopy (EIS) can provide information on impedance changes of the interface of the electrode surface/electrolyte solution. This technique is a powerful tool for investigating interface properties of the modied electrode.
35 EIS was used to validate the interaction between GOx and CNCs. The EIS results of bare GCE (a), CS/GCE (b), CS/CNCs/GCE (c), and CS/GOx/CNCs/GCE (d) are shown in Fig. 2C . The EIS results of electrodes modied with different lms displayed a linear part and a semicircular part with different diameters. A Randles circuit (inset in Fig. 2C ) was chosen to t the impedance data obtained. The equivalent electrical network of the electrochemical interface can be represented by the electrolyte resistance between the working electrode and the reference electrode, R s , in series with a double-layer capacitance, C PE , in parallel with the chargetransfer resistance, R ct , and the mass transport resistance, Z w . For diffusive species, the EIS data include a semicircular part at high frequencies (corresponding to the electron-transferlimited process) and a linear part at low frequencies (corresponding to the diffusion process). The semicircle diameter observed at higher frequencies represents the electron-transfer kinetics of the redox probe at the electrode/electrolyte interface. 6 The diameter of the semicircular part increased among samples, with GC < CS/CNCs/GCE < CS/GCE < CS/GOx/CNCs/ GCE. These ndings reect the idea that CNCs played an important role in enhancing and promoting electron transfer, thereby decreasing resistance of the CS/GCE to Fe(CN) 6 3À and 
Direct electrochemistry of CS/GOx/CNCs/GCE
Direct electrochemistry of GOx on CNCs/GCE was investigated by CV. Fig. 3A shows the CVs of different kinds of modied electrodes in Ar-saturated PBS (0.1 M, pH 7.2). Obviously, no redox peaks were observed at the bare GCE (curve a), CS/GOx/ GCE (curve b), and CS/CNCs/GCE (curve c) in the same potential range, however, a pair of well-dened redox peaks was observed at the CS/GOx/CNCs/GCE (curve d) at a scan rate of 100 mV s À1 . The formal potential (E 00 ), which was calculated from the midpoint of the anodic and cathodic peak potentials, was À454 mV. The peak-to-peak potential difference (DE P ) was 42 mV. These results indicate that immobilized GOx on the CNCs/GCE surface displayed a two-electron quasi-reversible electrochemical reaction. 18 The CV peaks were located at the potential location of the cofactor avin adenine dinucleotide (FAD) in GOx. 1, 36 Previous researchers 36 proposed a reaction mechanism of GOx on an electrode, without the interference of oxygen, in which GOx(FAD) was reduced to GOx(FADH 2 ), as represented by reaction (i):
Taken together these results indicate that the direct electrochemistry of GOx was achieved through CNCs on the surface of GCE, and that the GOx molecules retained their electrochemical properties aer they were modied on the CNCs surface.
The loading amount of GOx is important when seeking to optimize the catalytic of the modied electrode. Fig. 3B presents the CV results for the modied electrode with different volumes of GOx solution (x) under a constant volume of CNC suspension (5 mL). When the GOx volume was 5 mL, the redox current peak was at its maximum, and the GOx/CNCs produced the best catalytic activity. When the GOx volume was less than 5 mL (x ¼ 2, 3, or 4 mL), the peak current of the modied electrode did not reach the maximum value. When the GOx volume was greater than 5 mL (x ¼ 6 mL), the peak current of GOx for producing electrons was not sufficient to reach maximal catalytic activity. The amount of GOx for producing electrons was not sufficient to reach maximum catalytic activity when GOx volume was less than 5 mL. On the other hand, when the GOx volume was 6 mL, electrons generated at the upper layer of GOx most likely were not transferred to the CNCs, leaving the overall catalytic activity diminished. Based on these results of Fig. 3B , we considered [GOx] 5 / [CNCs] 5 to be the optimal layer.
The pH of buffer solution affects electrochemical behavior of GOx in CS/GOx/CNCs/GCE.
1 As shown in Fig. 3C , CVs curves with stable and well-dened peaks were observed from pH 5.0 to 9.0; however, the anodic and cathodic peaks shied to the negative direction as buffer pH increased. Quantitative analysis showed that E 00 had a linear dependence on buffer pH, with a slope of À59.1 mV per pH (R 2 ¼ 0.994). This slope is close to the theoretical value of À59.2 mV per pH for the twoproton-transfer coupled and two-electron-transfer reaction.
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The redox peak current decreased with increasing buffer pH and showed a linear dependence on buffer pH. This nding further proves that the electrochemical reaction of GOx involved proton exchange. 2) with different scan rates. Redox peak currents increased gradually with increasing scan rate, accompanied by positive shis of the anodic peaks and negative shis of the cathodic peaks. Anodic and cathodic peak currents exhibited linear relationship with the scan rate in range from 50 to 500 mV s À1 (inset a of Fig. 3D ), indicating a quasi-reversible surface-controlled electrochemical process.
6,14,26
Electron transfer between immobilized GOx(FAD/FADH 2 ) and the CNCs modied electrode was analyzed by measuring CV characteristics of the anode at different scan rates. Dependence of the anodic and cathodic peak potentials on the logarithm of scan rates from 50 to 500 mV s À1 (inset b of Fig. 3D ) was used to determine the anodic electrochemical parameters according to eqn (1) and (2):
In these equations, E 00 is the formal potential, a is the charge transfer coefficient of the system, v is the scan rate, n is the electron transfer number, and k s is the heterogeneous electron transfer rate constant, T, R, and F are as the usual meaning. Consistent with ndings in previous reports, we observed that, E 00 was linear with v above 150 mV s À1 (inset b of Fig. 3D ), using the slopes of the lines, the a and n were calculated to be 0.32 and 1.53, respectively. Additionally, the k s was calculated by eqn (3):
Thus k s of the [GOx] 5 /[CNCs] 5 system was estimated to be 6.0 at 500 mV s À1 . According to the Laviron eqn (4):
where Q is the charge integrated from the reduction peak, v is the scan rate, n is the electron transfer number, and F, R, and T have their the usual meaning. By using Faraday's law, Q ¼ nFAG*, where A is the effective surface area of the working electrode, G* is the surface coverage of GOx. G* was calculated to be 6.24 Â 10 À10 mol cm À2 , which is almost two orders of magnitude higher than that of traditional carbon nanomaterials. [3] [4] [5] 8 3.3. Electrocatalytic activity of CS/GOx/CNCs/GCE As a fast and convenient tool for characterizing glucose biosensors, 33 CV was used to characterize the electrocatalytic activity of CS/GOx/CNCs/GCE towards glucose. Fig. 4 
Calibration curves (inset of Fig. 4B ) showed that the CV response was linear in glucose concentration ranging 0.02- 
Although Fig. 4 explains the DET activity of immobilized GOx on CNCs toward glucose, this gure cannot directly prove the glucose bioelectrocatalytic activity. As shown in Fig. 5A , when glucose was added to PBS, CV curves of CS/[GOx] 5 /[CNCs] 5 /GCE showed no variation, which is consistent with a previous report.
7 It is well known that DET-based third-generation glucose biosensors and bioelectrodes of BFCs do not require mediators, including oxygen. 7 In experiment, the hydrogen evolution reaction may occur on the surface of the Pt counter electrode:
This reaction occurred very slowly in the potential window of the experiment under neutral conditions, which will be the limiting step in the three-electrode system.
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To investigate the bioelectrocatalytic activity of modied electrodes, linear sweep voltammetry (LSV) experiments were performed through improving operational conditions for Pt counter electrode in Ar-saturated PBS (0.1 M, pH 7.2) with or without glucose (Fig. 5B-D) . No oxidation peak was seen when glucose was added to PBS at pH 7.2 (Fig. 5B) . When the pH of the PBS was adjusted to 6, an oxidation peak was observed at 0.15 V (Fig. 5C ). The acidic condition increased the proton concentration and the hydrogen evolution reaction rate (reaction (iii)), thereby increasing the overall reaction rate. Next, a double compartment separated by a Naon membrane was used in the LSV experiment. The cathode compartment contained O 2 -saturated PBS (0.1 M, pH 3), while the anode compartment contained Ar-saturated PBS (0.1 M, pH 7.2). As shown in Fig. 5D , an obvious oxidation peak appeared at 0.4 V when glucose was added to the cathode compartment. This condition corresponds to the reaction of oxygen reduction on the Pt counter electrode (reaction (iv)), which proceeds more quickly than reaction (iii). 5 /GCE were linearly proportional to the glucose concentration from 0 to 1.9 mM (inset a of Fig. 6 ) with a detection limit of 0.16 mM. When the glucose concentration exceeded 1.9 mM, the response tended to plateau, indicating saturation of the GOx-glucose reaction. The apparent Michaelis-Menten constant (K app m ), an indicator of enzyme-substrate reaction kinetics, can be calculated by the electrochemical version of the Lineweaver-Burk equation,
where Di is the steady state current aer addition of substrate, c is the bulk concentration of substrate, and Di max is the maximum current measured under the saturated substrate conditions. K app m was determined from the slope and intercept of the plot of 1/Di vs. 1/c (inset b of Fig. 6 
BFC performance
By using the currently proposed method, glucose can be directly and bioelectrocatalytically oxidized near the redox active potential of GOx on CS/[GOx] 5 /[CNCs] 5 /GCE via a DET reaction. This approach could be desirable for increasing the open circuit voltage (OCP) of the cell and for constructing a bioanode for use in DET-type BFCs. Voltages and currents of the BFC were measured by two multimeters with external resistance varying 100 U to 100 kU. The BFC was operated at room temperature and fed with a fuel solution of 10 mM glucose stock solution (0.1 M PBS, pH 6) with saturated air. Current and power densities of the BFC were calculated from the voltage and current. Polarization curves (Fig. 7) revealed that the bioanode afforded an OCP of 0.59 V, maximum power density of 55 mW cm À2 , and maximum current density of 434 mA cm À2 .
Conclusions
In this study, a new class of graphite nanobers, CNCs, was used to support the bioelectrocatalysis of GOx. Properties of GOx in CS/GOx/CNCs/GCE were characterized, that GOx retained a nearly native secondary structure in the CNC supports and displayed excellent DET properties. 5 /GCE was determined via CV measurements. To investigate the direct electrocatalytic activity, LSV was used and the results indicate the immobilized GOx displayed good electrocatalytic activity in the oxidation of glucose, which had a linear current response from 0.07 to 1.9 mM with a detection limit of 0.054 mM and an apparent Michaelis-Menten constant of 0.149 mM. The polarization curve of the BFC showed that the bioanode afforded an OCP of 0.59 V, maximum power density of 55 mW cm À2 , and maximum current density of 434 mA cm À2 . These ndings demonstrate that protein can be immobilized directly on the CNC surface to achieve DET, and provide a new perspectives toward understanding kinetics and thermodynamics of biological redox processes.
